ARID (AT-rich interaction domain) is a homologous family of DNA-binding domains that occur in DNA-binding proteins from a wide variety of species, ranging from yeast to nematodes, insects, mammals, and plants. SWI1, a member of the SWI/SNF protein complex that is involved in chromatin remodeling during transcription, contains the ARID motif. The ARID domain of human SWI1 (also known as p270) does not select for a specific DNA sequence from a random sequence pool. The lack of sequence specificity shown by the SWI1 ARID domain stands in contrast to the other characterized ARID domains, which recognize specific AT-rich sequences. We have solved the three-dimensional structure of human SWI1 ARID using solution NMR methods. In addition, we have characterized nonspecific DNA binding by the SWI1 ARID domain. Results from this study indicate that a flexible, long, internal loop in the ARID motif is likely to be important for sequence-specific DNA recognition. The structure of the human SWI1 ARID domain also represents a distinct structural subfamily. Studies of ARID indicate that the boundary of DNA binding structural and functional domains can extend beyond the sequence homologous region in a homologous family of proteins. Structural studies of homologous domains such as the ARID family of DNA-binding domains should provide information to better predict the boundary of structural and functional domains in structural genomic studies.
ARID
1 is a family of homologous DNA-binding domains. Because the initial ARID proteins to be characterized interact with specific AT-rich sequences, the motif was named the ATrich interaction domain (1, 2) . ARID domains occur in a wide variety of species ranging from yeast to nematodes, insects, mammals, and plants (3) . The characterized ARID proteins all have DNA binding activities. The ARID motif does not share any sequence similarity to previously characterized DNA-binding motifs.
Using solution NMR methods, the structures of two ARID proteins have been solved. These are the human Mrf-2 (4) and the Drosophila Dri (5). Mrf-2 is a sequence-specific DNA-binding protein and may be involved in the regulation of energy balance (6) . The protein Dri, which recognizes a specific ATrich sequence, is essential for the development of Drosophila embryos (2, 7) . The ARID domains in Mrf-2 and Dri share similar structures in the central regions. However significant differences exist at both the N and C termini; Dri forms two additional helices in the C-and N-terminal flanking sequences. These differences in flanking regions are not due to the differences in the expression constructs, because the sequence that is equivalent to the C-terminal extra helix in Dri is included in the Mrf-2 expression construct. In addition, extension of the N-terminal region of Mrf-2 to include the sequence equivalent to the extra N-terminal helix in the Dri ARID shows that the extended region is not structured in solution. The structural diversity between the Mrf-2 and Dri domains indicates that other structural subfamilies that are distinct from those represented by the Mrf-2 and Dri ARIDs are likely to exist. SWI1, which contains the ARID motif, is a member of the SWI/SNF complex found in yeasts and humans (8 -10) . This complex is involved in chromatin remodeling and plays a critical role in transcriptional control and gene expression. SWI1 is clearly involved in DNA binding, because it can cross-link to DNA by UV-activated cross-linkers in the SWI/SNF complex with DNA (11) . Although some ARID domains such as those in Mrf-2 and Dri and also in another protein known as Bright (1) are sequence-specific double-stranded DNA-binding proteins, the ARID domain of human SWI1 (also known as p270) does not select specific double-stranded DNA sequences from a random pool (12) . Because the SWI1 ARID does not recognize a specific DNA sequence, in contrast to the DNA binding properties of well characterized Mrf-2 and Dri proteins, structural elucidation of this domain would further our understanding of DNA binding by the ARID family. We have determined the three-dimensional structure of the SWI1 ARID domain and investigated its interaction with DNA. We have found that the three-dimensional structure of the p270 ARID represents a distinct structural subfamily. In addition, binding of the p270 ARID to DNA suggests structural determinants on sequencespecific DNA binding by the ARID family.
EXPERIMENTAL PROCEDURES
Sample Preparation-The SWI1 ARID for NMR structural studies was expressed in Escherichia coli. The cDNA encoding residues 606 -761 of human SWI1, followed by six His residues as a tag, was subcloned into PET28a (Novagen, Inc). This construct includes the regions that are equivalent to the additional helices in the N and C termini of Dri. In the subsequent discussion, the amino acids are numbered according to the sequence in the expression construct, i.e. residues 606 -761 of human SWI1 are numbered as 1-155. The expression plasmid was transformed into E. coli strain BL21(DE3). E. coli cells containing the expression plasmid were grown at 37°C in M-9 minimal media supplemented with trace minerals and basal medium Eagle vitamins (Invitrogen). ( 15 NH 4 ) 2 SO 4 (1.5 g/liter) was used as the nitrogen source, and 13 C-enriched glucose (2 g/liter) was used as the 13 C source. The protein was purified using a nickel-nitrilotriacetic acid column (Qiagen) to Ͼ 95% homogeneity as judged by SDS-PAGE. ϳ6 mg of protein can be purified from one liter of E. coli culture. The NMR samples contained ϳ1.0 mM protein in 100 mM phosphate buffer at pH 6 and 5 mM dithiothreitol in 95% H 2 O/5% 2 H 2 O or 100% 2 H 2 O. NMR Spectroscopy and Structural Calculation-Resonance assignment of the human SWI1 ARID has been described previously (13) . The 3 J HN-H␣ coupling constants were measured in an HNHA experiment (14) . Additional dihedral angle ⌽ and ⌿ restraints were obtained based on chemical shifts as determined by the TALOS program (15) . Distance restraints were obtained from 15 N-separated (mixing time 100 ms) and 13 C-separated (mixing time 100 ms) three-dimensional NOESY spectra (16 15 N-separated NOESY spectra were collected at 25°C on a Varian Unity-plus 500 MHz NMR spectrometer equipped with a triple resonance probe, pulsed field gradient, and pulse-shaping capabilities. The 13 C-separated NOESY spectrum was collected on a 600 MHz Varian Inova spectrometer at Pacific Northwestern National Laboratory. Felix 98 (Molecular Simulations Inc., San Diego, CA) was used for all NMR data processing and analysis. The distance restraints were grouped into three ranges, 3, 4, and 5 Å, based on the intensity of NOE cross-peaks. Structures were initially calculated from simulated annealing calculations using Dyana (18) . The final structures were calculated using the ARIA (19) approach. More than 1400 manually assigned NOEs and dihedral restraints were used as input for ARIA calculation. A manually checked peak list of 13 C-separated NOESY was used as the input peak list. Standard ARIA protocol was used for the calculation. In each of the 8 iterations, 30 structures were calculated, 10 structures from these 30 were kept, and the top 7 structures that have the least violation of the NMR constraints were used for evaluation. Inspection of the assignments made by ARIA indicates that the ARIA calculation did not make novel NOE assignments between residues where inter-residue NOEs were not found by manual assignments, but ARIA made many stereo-specific assignments that would be difficult or impossible to make manually. These stereo-specific assignments improved the convergence of the structural calculations. The quality of the NMR structures was evaluated using the program PROCHECK (20) .
N-labeled human SWI1 ARID domain was titrated with 10 mM unlabeled DNA to a molar ratio of 1:1. The titration was monitored using two-dimensional HSQC NMR spectra. Six titration points were taken. Because human SWI1 can bind to nonspecific double strand DNA, the "Dickerson dodecamer," a duplex of 12 base pairs with the sequence (d(CGCGAATTCGCG))2, was used for the binding studies.
RESULTS AND DISCUSSION
Structure Determination-The comparison of the Mrf-2 and Dri ARIDs indicates that the domain boundary of the ARID family could extend beyond the sequence homologous region. Therefore, the initial construct of the human SWI1 ARID extended 25 residues on both the N and the C terminus beyond the sequence homologous region of the ARID. This construct encodes residues 606 -761 of human SWI1 (indicated as residues 1-155 in subsequent discussions). Nearly complete resonance assignments have been obtained for this construct as described previously (13 identify secondary structures in the protein (21, 22) . The sequence and secondary structures of human SWI1 and the location of homologous helices in the Mrf-2 and Dri ARID domains are shown in Fig. 1A . Human SWI1 contains all six helices that are conserved in the structures of Mrf-2 (4) and Dri (5). It does not contain a helix equivalent to helix H7 of Dri. However, it contains a short extra N-terminal helix that partly superimposes with the Dri helix H 0 . In addition, SWI1 does not have the ␤-hairpin that Dri does.
Residues at the N and C termini in this construct of human SWI1 have sharp NMR resonances, indicating that these residues are highly flexible and not structured. To determine which residues are flexible and unstructured, a 15 N-1 H heteronuclear NOE experiment (17) was performed for this construct of the human SWI1 ARID. The steady-state 1 H-15 N NOE values versus residue number are shown in Fig. 1B . The first 11 residues at the N terminus and the last 24 residues at the C terminus (indicated in black in the sequence in Fig. 1A ) have negative 1 H-15 N heteronuclear NOEs, which suggests that these regions are unstructured and random. Although residues 12-18 do not form any regular secondary structures, they do have positive NOE values, indicating that this region is not random. To eliminate truncation artifacts in the spectra for structure determination of the protein, most residues at the termini that are not structured were eliminated in the second construct, the sequence of which is indicated in black in Fig.  1A . Deletion of the terminal sequence did not result in any significant chemical shift changes in the structured region, confirming that the three-dimensional structure of the human SWI1 ARID domain is independent of the unstructured termini.
The structure of the SWI1 ARID was solved with Ͼ1400 structural constraints derived from NMR measurements. An ensemble of seven structures of the SWI1 ARID was used for detailed analysis of the structure. The structural statistics are given in Table I . All experimental NMR constraints are well satisfied. These structures also display only small deviations from idealized covalent geometry (Table I) . Almost all of the residues in the structurally well defined regions have ⌽ and ⌿ dihedral angles in the most favorable regions of the Ramachandran plot. The residues in the generally allowed regions and the disallowed regions of the Ramachandran plot are located mainly in the loops, where the structure is less well defined, and significant conformational flexibility is indicated by lower values of 1 H-15 N steady-state NOEs. Ensemble of the superimposed NMR structures is shown in Fig. 2A . Helical regions have well defined structures. The two internal loops, L1 and L2, are less well defined. In addition, both the N and C termini are flexible. The flexibility observed in the superimposed structures is consistent with the steadystate NOE values shown in Fig. 1B .
A ribbon diagram of the SWI1 ARID (Fig. 2B ) is shown along with those of the Mrf-2 (Fig. 2C ) and Dri ARID (Fig. 2D) domains. The core region of the SWI1 ARID is similar to those of Mrf-2 and Dri. Helices H1-H6 of the SWI1 ARID can be superimposed on those of the Mrf-2 ARID with an average root mean square deviation of ϳ1.8 Å among backbone atoms, and can be superimposed on those of the Dri ARID with an average root mean square deviation of 1.9 Å among backbone atoms. The main unique feature of the SWI1 ARID is that the N terminus forms an extended structure followed by a single turn 3 10 helix (H0). The extended structure at the N terminus interacts extensively with loop L1. This interaction is analogous to that observed between the ␣-helix H0 and L1 in the Dri ARID. However, the orientation of loop L1 in the SWI1 ARID is more similar to that in the Mrf-2 ARID; L1 is positioned close to loop L2 in both the Mrf-2 and SWI1 ARID, but it is positioned away from L2 in Dri.
Structural Diversity in the ARID Family-In contrast to the similarity of the central region from helices H1 to H6, the ARIDs of SWI1, Dri, and Mrf-2 have significant conformational differences at the N and C termini, which extend beyond the sequence homologous domain. The Dri ARID forms two additional ␣-helices relative to the Mrf-2 ARID, H0 and H7, at the N and C termini, respectively. The SWI1 ARID does not contain H7, but contains a short 3 10 helix (H0) that is located in a position equivalent to part of helix H0 in Dri. Thus Mrf-2, Dri, and SWI1 represent three distinct structural subfamilies in ARID.
A fourth ARID fold is likely to exist. Significant information is now available for correlating primary sequences with secondary structures, and prediction of secondary structures from primary sequences is successful in most cases (23) . We used the PHD program (23) to analyze the secondary structures of members of the ARID family. The PHD program predicted the presence of all helices in Mrf-2, Dri, and SWI1, although the boundaries of the helices differ slightly from the known structures (Fig. 3) . Other ARID members, for whom the threedimensional structures have not been determined, can also be grouped into different subfamilies based on PHD analysis (Fig.  3) . Several members of ARID were predicted to contain helix H7 but not H0. These ARID domains are listed in the bottom group of Fig. 3 . Thus, these ARID domains are likely to form another intermediate ARID structural subfamily, which is similar to the Dri ARID at the C terminus but similar to the Mrf-2 ARID at the N terminus.
Binding Nonspecific DNA by the SWI1 ARID-SWI1 ARID does not select a specific double-stranded DNA sequence from a random pool (12) . To investigate the DNA binding mechanism of the SWI1 ARID, the long construct that encodes residues 606 -761 of SWI1 was used in a DNA binding study because an unstructured terminus may be important for DNA binding, as found in the Mrf-2 ARID. A dodecamer sequence d(CGCGAAT-TCGCG*) (Dickerson dodecamer) was used to form a complex with the SWI1 ARID. This sequence is likely to have the sufficient length for binding SWI1 ARID, because 12-base pair DNA oligonucleotides are sufficiently long for binding the homologous Mrf-2 and Dri domains. Significant chemical shift changes in SWI1 were observed upon titration with the DNA sample. Superposition of the 1 H-15 N HSQC spectra of the free and DNA-bound SWI1 ARID is shown in Fig. 4A . The intensity decrease in the HSQC spectrum of the DNA-bound SWI1 is largely due to the decrease in SWI1 concentration, because the titration with DNA has increased the volume. A plot of chemical shift changes versus residue number is shown in Fig. 4B . The regions that undergo the most significant chemical shift changes are indicated in the ribbon diagram of the threedimensional structure of SWI1 ARID (Fig. 2B) . The regions that have the largest chemical shift changes are likely to be involved in direct contact with DNA. These regions include several residues near the N terminus, loop L1, part of helices H4 and H5 (Fig. 2B) . Because the chemical shift change of the SWI1 ARID upon DNA binding is localized, it is unlikely that this domain undergoes major structural changes upon forming a complex with DNA.
The complex formation of SWI1 with DNA is in "fast exchange" relative to the chemical shift time scale. This allows estimation of the binding constant between the SWI1 ARID and the DNA using NMR chemical shift perturbation. The dissociation constant was calculated based on chemical shift changes at six different protein/DNA molar ratios. The dissociation constant was estimated to be 3.4 Ϯ 1.8 M. Because the interaction is nonspecific, the dissociation constant is likely to represent the binding constant of the SWI1 ARID to nonspecific DNA in general.
The DNA binding mechanism of the Mrf-2 and Dri ARID domains has been investigated previously in great detail (25, 26) . These studies show that the ARID domains belong to the helix-turn-helix motif family and that helix H 5 is the DNA recognition helix, which contacts the major groove of DNA. Loop L1 and the C-terminal region contact the adjacent minor groove or the ribose-phosphate backbone (5, 25, 26) . The DNA- binding site of Dri (based on the three-dimensional structure of the Dri-DNA complex) and the DNA-binding site of Mrf-2 (based on chemical shift perturbation and changes in dynamics) are indicated in red in the ribbon representations of the Mrf2 (Fig. 2C) and Dri (Fig. 2D) structures.
In contrast to the Mrf-2 and the Dri ARIDs, significant chemical shift changes were not observed for residues in loop L2 upon binding the dodecamer DNA. In addition, much smaller chemical shift changes than those observed when the Mrf-2 ARID bound to DNA were observed for residues at the C-terminal region of the SWI1 ARID, which is equivalent to the C-terminal DNA-binding sites of the Mrf-2 and Dri ARID domains. The C terminus of the human SWI1 ARID may not play as important a role in DNA binding as in the sequence specific Dri and Mrf-2 ARIDs, because much smaller chemical shift perturbation was observed in this region upon complex formation with DNA. The unique N-terminal region of SWI1 is likely to form important contacts with DNA, as indicated by the large chemical shift perturbation upon complex formation with DNA. The additional DNA interactions from the N-terminal region of human SWI1 may partially compensate for the lack of DNA contacts by the C terminus and loop L2.
Determinants for Sequence Specificity-The differences in DNA-binding sites between the sequence specific Mrf-2 and Dri ARIDs and the nonspecific recognition by SWI1 suggest that loop L2 is likely to be important for sequence-specific DNA binding. A unique feature of the ARID domains is that the "turn" immediately proceeding the DNA recognition helix is a loop (L2) that is longer than most of the turns in helix-turnhelix motifs (27, 28) . In addition, this loop (L2) also contacts the major groove of DNA along with the DNA recognition helix and forms base-specific contacts in the sequence-specific ARID domains (25, 26) . However, L2 is not involved in nonspecific DNA interaction in the human SWI1 ARID. L2 in SWI1 is shorter by one residue relative to those of the Mrf-2 and Dri ARIDs and is less flexible than that in the Mrf-2 ARID, as indicated by the 1 H- 15 N NOE values (25) . Interactions of proteins with DNA often involve flexible regions of proteins, such as the flexible C termini, loop L1 and L2 in the ARID domains, which form a more defined structure upon binding (25) . This "folding upon binding" phenomenon has been proposed to be important for specificity (29) , because nonspecific interactions are not likely to induce a specific structure formation. The shorter and more rigid L2 in the SWI1 ARID may restrict the ability of L2 to form base-specific contacts with DNA as in the Mrf-2 and Dri ARIDs. Thus the length and sequence of the loop L2 in ARIDs are likely to be more important in determining DNA binding specificity than the diverse N and C termini.
Structural Diversity in ARID and Its Implication in Structural Genomics-One of the major challenges in the postgenomic era is to obtain three-dimensional structural information for proteins in the human genome. In the high throughput structural determination processes, one of the first tasks is to identify structural families based on their primary sequences (30, 31) . Then, the structure(s) of representative member(s) from each family will be determined and used to deduce structures of other members in the family. In ARID domains, nonhomologous regions that flank the sequence homologous regions can be integral components of the structural domains and are likely required for maintaining the structural stability. In addition, the non-homologous C terminus in Mrf-2 and Dri ARIDs are required for sequence-specific DNA binding; deletion of the flexible C terminus in Mrf-2 abolishes DNA binding (data not shown). Thus, the structural and functional domains can extend beyond the sequence homologous region in a family of homologous domains. Structural studies of homologous domains such as the ARID family of DNA-binding domains should provide information to better predict the boundary of structural and functional domains in structural genomic studies.
